Environmental factors may play roles in the development of rheumatoid arthritis (RA), and some studies have shown that air pollution was associated with the development of autoimmune disease. This study was designed to investigate the effect of air pollutants on the development of adult RA. A nested case-control cohort study was performed using the National Health Insurance Service-National Sample Cohort during 2002-2014 in Korea. Air pollution data were collected from the National Ambient Air Monitoring System (NAMIS), and exposure levels were extrapolated using geographic information systems. The group with RA (n = 444) was compared with a propensity score-matched control group (n = 1776), and one-year average concentrations of air pollution were predicted at each patient's residence. The adjusted binary logistic regression analysis showed a positive association between O 3 exposure and the incidence risk of RA for the third (odds ratios (OR) = 1.45, 95% confidence intervals (CI): 1.08-1.96) and fourth (OR = 1.35, 95% CI: 1.00-1.83) quartiles in adults over 20 years of age. The third quartile CO exposure was also associated with an increased risk of RA (OR = 1.57, 95% CI: 1.16-2.12). The results of this nationwide population-based study showed that a one-year exposure to CO and O 3 in adults was associated with an increased risk of RA.
Introduction
Air pollution is a well-known risk factor that typically affects the cardiovascular and respiratory systems in humans. These effects were demonstrated in both short-term and long-term air pollution studies and result in major adverse public health effects and millions of dollars lost each year [1] . Many cohort studies following exposed individuals have also found associations between air pollution and adverse health outcomes. By reducing air pollution, the burdens of diseases, including heart disease, cancer, and chronic and acute respiratory diseases, can also be reduced [1, 2] . In particular, air pollutants, such as particulate matter and ozone, have been suggested to be associated with increased mortality and morbidity and are known to be plausible risk factors for the development of other diseases.
Rheumatoid arthritis (RA) is a chronic disorder of inflammation that targets joints and cartilage and leads to severe disability [3] . Although the pathogenic mechanisms of RA are unclear, several studies have suggested that the risk of developing RA was associated with respiratory exposures to silica, mineral oil, and cigarette smoke, which may activate the immune system, leading to RA [4] [5] [6] .
of 10
Furthermore, studies have also suggested that other epidemiological factors, such as noise and traffic-related air pollution, were associated with the development of RA [7] . While exploring the environmental evidence that could trigger RA in a nationwide retrospective cohort study in Taiwan, Chang et al. reported that participants who were exposed to high yearly averages of PM 2. 5 and NO 2 had an increased risk of RA [8] .
Many animal studies have investigated the relationships between different air pollutants and inflammatory cell infiltration, abnormal myocardial mitochondria, and endothelial dysfunction [9, 10] . However, the evidence of associations between long-term air pollutant exposure and RA in humans is still lacking. In this study, we aimed to investigate whether exposure to ambient air pollutants (particulate matter with aerodynamic diameters ≤10 µm (PM 10 ), nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), ozone (O 3 ), and carbon monoxide (CO)) was associated with an incidence risk of RA.
Materials and Methods

Data Source and Study Population
The National Health Insurance Service (NHIS) of Korea is a health insurance system with universal coverage. The NHIS established the National Health Information Database, which contains personal information, demographic data, and medical treatment information on Korean citizens that has been collected since its formation in 2000. In 2015, the NHIS released the data of the Korean National Health Insurance Service-National Sample Cohort (NHIS-NSC), which is a representative, population-based cohort proportionally stratified by age, sex, and income levels. From the target population, a representative sample cohort of 1,025,340 participants was randomly selected, comprising 2.2% of the total eligible Korean population in 2002, and followed for 13 years until 2015 or until a participants' eligibility was disqualified due to death or emigration [11] .
We obtained the study population data from the NHIS-NSC between the years 2002 to 2015. From the NHIS-NSC data, we identified 844,715 participants who were over 20 years old in 2015 ( Figure 1) . We identified the diagnosis data from the patients' medical treatment based on the International Classification of Diseases, 10th Revision code. Specifically, our main outcome variable was ICD-10 codes corresponding to seropositive rheumatoid arthritis (M05, M050, M053, M058, M059), and the patients who had these ICD-10 codes are considered as RA patients. In this study, we only included patients who had been diagnosed at least once with RA in 2015 (n = 8408). In South Korea, the reimbursement criteria for patients with RA between 2009 to 2013 could affect the incidence of RA [12] . Therefore, we excluded the patients who had been diagnosed at least once with RA in 2002-2014 in order to identify recent incident cases of the disease in 2015. Consequently, the remaining population consisted of 7886 subjects.
Of these, we also excluded patients who did not have health examination records (e.g., smoking status and alcohol consumption) or a residential address (n = 78). We identified information on patient demographics, including sex (male/female), age group, income level, insurance type, district-level residential address, and medical examination findings, including body mass index (BMI), recorded as underweight (<20.0 kg/m 2 ), normal weight (20.0-24.9 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), or obesity (≥30 kg/m 2 )), alcohol consumption (rarely/more than 2-3 times per month), smoking status (never/ever), medical treatment, and exercise status. In the case of smoking status, the patient was considered to have ever smoked if they responded in the health examination questionnaire that they smoked in the past or currently smoke.
Ultimately, we identified 444 participants with RA. Then 1:4 propensity score matching was performed, and the propensity scores were calculated based on nearest-neighbor matching without replacement. We selected controls from the NHIS-NSC population who had health examination results and were free of RA. The controls were matched to our identified cases with similar propensity scores by sex, age group in five-year increments, and income level (n = 1776). A total of 2220 adults were included in the final analysis. The study protocol was approved by the institutional review board of Ewha Womans University Mokdong Hospital (IRB number: EUMC 2018-07-002). Of these, we also excluded patients who did not have health examination records (e.g., smoking status and alcohol consumption) or a residential address (n = 78). We identified information on patient demographics, including sex (male/female), age group, income level, insurance type, district-level residential address, and medical examination findings, including body mass index (BMI), recorded as underweight (<20.0 kg/m 2 ), normal weight (20.0-24.9 kg/m 2 ), overweight (25.0-29.9 kg/m 2 ), or obesity (≥30 kg/m 2 )), alcohol consumption (rarely/more than 2-3 times per month), smoking status (never/ever), medical treatment, and exercise status. In the case of smoking status, the patient was considered to have ever smoked if they responded in the health examination questionnaire that they smoked in the past or currently smoke.
Ultimately, we identified 444 participants with RA. Then 1:4 propensity score matching was performed, and the propensity scores were calculated based on nearest-neighbor matching without replacement. We selected controls from the NHIS-NSC population who had health examination results and were free of RA. The controls were matched to our identified cases with similar propensity scores by sex, age group in five-year increments, and income level (n = 1776). A total of 2220 adults were included in the final analysis. The study protocol was approved by the institutional review board of Ewha Womans University Mokdong Hospital (IRB number: EUMC 2018-07-002).
Estimating Individual Exposure to Air Pollutants
We obtained complete air pollution data (PM10, NO2, SO2, O3, and CO) from local district air quality fixed-site monitoring stations managed by the National Ambient Air Monitoring System. Hourly concentrations of these pollutants were measured, and 24-h average concentrations of PM10, NO2, SO2, and CO and 8-h average concentrations of O3 were constructed for each measurement site and seventyfive percent of the contributing values were present as the averages were calculated [13] .
Because data on air pollution were not available at all sites in South Korea, we applied interpolation techniques using geographic information systems (GIS) tools (ArcGIS Version 9.3, ESRI, Redlands, CA, USA) to estimate air pollution levels in unmonitored areas. All monitoring sites were integrated within the GIS. We interpolated all five air pollutants using ordinary kriging models (a stochastic geostatistical method that takes into account spatial dependence). Kriging is a generic term, adopted by geo-statisticians for a family of generalized least-squares regression algorithms [14] . Kriging calculations based on the surrounding real values and on specified mathematical formulas are 
We obtained complete air pollution data (PM 10 , NO 2 , SO 2 , O 3 , and CO) from local district air quality fixed-site monitoring stations managed by the National Ambient Air Monitoring System. Hourly concentrations of these pollutants were measured, and 24-h average concentrations of PM 10 , NO 2 , SO 2 , and CO and 8-h average concentrations of O 3 were constructed for each measurement site and seventy-five percent of the contributing values were present as the averages were calculated [13] .
Because data on air pollution were not available at all sites in South Korea, we applied interpolation techniques using geographic information systems (GIS) tools (ArcGIS Version 9.3, ESRI, Redlands, CA, USA) to estimate air pollution levels in unmonitored areas. All monitoring sites were integrated within the GIS. We interpolated all five air pollutants using ordinary kriging models (a stochastic geostatistical method that takes into account spatial dependence). Kriging is a generic term, adopted by geo-statisticians for a family of generalized least-squares regression algorithms [14] . Kriging calculations based on the surrounding real values and on specified mathematical formulas are optimum data for interpolation if they meet certain conditions (normally distributed and stationary). For this reason, kriging is commonly used for the spatial distribution of air pollution. Until recently, many studies have used kriging for the spatial interpolation of air pollutant distribution [15, 16] .
We matched the extracted air pollution levels with the participants' administrative district codes based on the study participants' residential addresses in the NHIS-NSC database. We also identified changes in individual residential addresses during the study period and matched the different air pollution levels with the participants' new administrative district codes. Based on the research findings that long-term exposure to moderate levels of air pollution over one year may influence the serum levels of inflammatory markers, we determined the NHIS-NSC participants' average air pollution exposure during one-to three-year periods between 2012 and 2014 [17] .
Statistical Analysis
To estimate the association of air pollutants and RA, we used conditional logistic regression analysis to estimate the association between ambient air pollution exposure (PM 10 , NO 2 , SO 2 , O 3 , and CO), which we assigned to each individual based on the one-year average and RA in adults. We set exposure levels below the 25th percentile for each air pollutant as the reference categories. We also categorized the levels into quartiles with three cutoff points (25th, 50th, and 75th percentiles) for PM 10 . For confounding factors, we selected variables that had been identified in the previous literature: insurance type, body mass index (BMI), smoking status (never/ever), alcohol consumption, and exercise status. To disentangle the combined effects of different air pollutants, a multi-pollutant analysis, including all pollutant variables, was considered. We also included two pollutants simultaneously, O 3 or CO, in the analysis. All analyses were performed using SAS 9.4 software (SAS Institute, Cary, NC, USA), and statistical significance was set at α = 0.05.
Results
As shown in Figure 1 , among the 844,715 individuals who were over 20 years old in 2015, we identified a total of 444 cases based on their ICD-10 codes. We matched 1776 controls who were over 20 years old in 2002-2014, had health examination results, but no rheumatoid arthritis to the group of patients. Table 1 shows the demographic characteristics of the 2220 participants in our study. Of these participants, 69.4% were female and the majority were aged 50-60 years with BMIs in the range of normal weights. Many participants had self-employment insurance, had never smoked tobacco, did not drink alcohol, and exercised less than one time per week. Table 2 shows that the average air pollution concentration levels varied greatly for each air pollutant. The mean one-year exposure levels for PM 10 Table 3 shows the correlation coefficients for the air pollutant concentration estimates. Spearman's correlation coefficients of the one-year average of each air pollutant showed positive correlations between PM 10 and CO (r = 0.11), CO and NO 2 (r = 0.73), and NO 2 and SO 2 (r = 0.29). O 3 showed negative correlations with all other air pollutants: PM 10 (r = −0.30), CO (r = −0.37), NO 2 (r = −0.75), and SO 2 (r = −0.50). Table 4 shows the odds ratios (OR) and 95% confidence intervals (CI) for the one-year air pollution concentrations and the risk of RA in 2015 among all cases and matched controls. We compared these results based on the lowest quartile of each air pollutant. We also adjusted all the results for insurance type, BMI, smoking status, alcohol consumption, and exercise status. There were no significant associations between PM 10 and SO 2 exposure and incidence of RA. As shown in Table 4 , 8-h O 3 exposure was positively associated with RA in the single-pollutant model, and significant associations were observed in the two highest quartiles of O 3 exposure. For example, we observed the strongest positive effect estimates among all participants between O 3 and RA (OR = 1.45, 95% CI: 1.08-1.96), as shown in Table 4 . However, these results did not show a dose-response relationship between O 3 exposure and the RA odds. The 24-h CO exposure was also positively associated with RA (OR = 1.57, 95% CI: 1.16-2.12) in the third quartile. In the multi-pollutant model, which included all air pollutant variables, the effect estimate of O 3 was attenuated. However, the effect estimate of CO became larger and showed a dose-response relationship. We observed inverse associations for 24-h NO 2 exposure and RA. Exposure levels above the fourth quartile for NO 2 were associated with decreases in the effect estimates, which were evident in the single-pollutant model. We also examined the association between one-to three-year average air pollution concentrations and the risk of RA in 2015 among all cases and matched controls. In the two-year exposure model, CO and O 3 exposure were positively related with an increased risk of RA. However, in the three-year exposure model, only CO exposure correlated with an increased risk of RA (Supplementary Table S1 ). Figure 2 shows the two-pollutant models used to identify the combined effects. In the two-pollutant models for adjusted associations between the one-year CO and O 3 concentrations and RA in adults, both CO and O 3 still showed positive associations with the incidence of RA. The positive effects of CO in the second quartile (OR = 1.66, 95% CI: 1.23-2.26), the third quartile (OR = 1.74, 95% CI: 1.26-2.40), and the fourth quartile (OR = 1.44, 95% CI: 1.01-2.06), and of O 3 in the second quartile (OR = 1.24, 95% CI: 0.91-1.70), the third quartile (OR = 1.50, 95% CI: 1.10-2.05), and the fourth quartile (OR = 1.59, 95% CI: 1.14-2.22) were stronger than the effects in the single-pollutant model. The two-to three-year two-pollutant models also showed a significant relationship between CO and incidence of RA (Supplementary Table S2 ). 
Discussion
Through the use of a large, national 12-year cohort database in South Korea, we conducted a nested case-control study and were able to efficiently evaluate the effects of individual-level estimates of air pollutants on the risk of RA. We found that ambient exposure to CO and O3 was associated with an increased risk of RA in adults. In the one-year air pollution exposure model, when we compared subjects who had been exposed to the lowest quartile of O3 exposure, the risk of RA increased significantly in the highest quartile of one-year ozone exposure by approximately 1.35-fold. Furthermore, when we used a two-pollutant model for CO and O3, the effect became larger than the single-pollutant model. However, we also noted negative associations for NO2 in the quartile models but no consistent observation for PM10 and SO2
Multi-pollutant models were built to assess the association between combined exposure to multiple air pollutants and the odds of developing RA. Although multi-pollutant models can induce bias and variance inflation in the analyses if air pollutant variables are highly correlated, it was unclear which model showed less biased results [18, 19] . Therefore, we presented all single-, two-, and multipollutant model results.
We found positive relationships between exposure to some gaseous pollutants (CO and O3) and the risk of RA. Although we found no dose-response relationship between CO and O3 exposure and RA in the single-pollutant model, CO showed a dose-response relationship with RA in the multipollutant model. Some previous research has shown relatively steep nonlinear exposure-response 
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We found positive relationships between exposure to some gaseous pollutants (CO and O 3 ) and the risk of RA. Although we found no dose-response relationship between CO and O 3 exposure and RA in the single-pollutant model, CO showed a dose-response relationship with RA in the multi-pollutant model. Some previous research has shown relatively steep nonlinear exposure-response curves at low doses that leveled off at higher exposures. [20, 21] In air pollution exposure, some studies on non-linear air pollution exposure have suggested, that depending on the agent, nonlinear models may have plausibility as well [22] [23] [24] . However, to the best of our knowledge, no studies have shown a dose-response association between CO or O 3 exposure and the risk of RA. Further research is needed to elucidate the biological mechanisms underlying this nonlinear response.
Although we could not find dose-response patterns by exposure level quartile, O 3 showed dose-response patterns in the two-pollutant model for both CO and O 3 . The risk of RA was increased even more (1.59-fold) in the highest quartile of O 3 exposure.
In this study, we also found a negative relationship between NO 2 exposure and the incident risk of RA. NO 2 was negatively associated with RA for the highest quartiles of exposure in both single-pollutant models. This observed relationship may be explained by the chemical coupling bond between ambient O 3 and NO 2 . The O 3 and NO 2 exposure levels were inextricably linked; lower NO 2 exposure invariably occurred with higher O 3 exposure. That is, individuals who were often exposed to high O 3 levels were also exposed to low levels of NO 2 [25] .
Our findings are largely consistent with those from other previous studies on air pollution and RA. For example, another study using the population-based Border Air Quality Study cohort in Canada reported that ground-level O 3 was associated with 15% and 26% increased risks of RA in cases identified by the RA-ICD-9 code and by RA-prescriptions, respectively [7] . The authors of that study also found 29% and 56% increased risks with ground-level O 3 levels in the highest versus the lowest quintiles, respectively. Furthermore, in a nationwide retrospective cohort study in Taiwan, researchers found that there was no significant association between PM 10 exposure and RA, and the association remained stable after adjustment for potential confounding factors [8] . In another previous study by Hart et al., the authors did not observe any risk increase with PM 2.5 , PM 10 , NO 2 , or SO 2 , providing evidence against exposure to those air pollutants as a risk factor for RA [26] . However, a Swedish case-control study suggested an increased risk of RA incidence in the Stockholm area with increases in NO 2 and SO 2 , and stronger associations with the antibody to citrullinated protein antigens (ACPA)-negative phenotype [27] .
In this study, we used a representative, population-based cohort from the NHIS-NSC, which has a major strength in that its applicability in research is ensured. The data are stable and extensive because the NHIS-NSC is constructed based on a robust sampling design generated by the government that allows for adequate statistical power [11] . However, since our study only considered patients who received a diagnosis of seropositive rheumatoid arthritis by ICD-10 code, further studies, such as research studies considering air pollution and RA status according to the presence of antibodies, are needed.
We assigned individual exposure levels for air pollutants by kriging using GIS. Diverse methodologies, including statistical interpolation, line dispersion models, land use regression models, and hybrid models have been suggested to estimate air pollution levels in order to minimize exposure misclassifications at unmonitored locations, which is a key challenge in epidemiological studies designed to find associations between air pollution and health outcomes [28] . We performed a statistical interpolation method (i.e., kriging) in our study because the air pollutant data was collected from air pollution monitoring stations at specific sites located across Korea during the study period. Kriging estimates an unknown value as a weighted average from the nearest sampling points and is an advanced geostatistical procedure that takes spatial dependence into account. However, our air pollutant data were collected from designated nationwide monitoring sites and these nationwide sites are often installed to monitor certain areas affected by heavy traffic and industrial emissions. Therefore, interpolating these monitoring data could have overestimated the true air pollution levels.
Conclusions
In conclusion, the present study in Korea suggested an increased risk of incident RA in adults exposed to CO and O 3 . Our study extended the prior results of research regarding the effect of air pollution on the risk of RA. With substantial concerns regarding air pollution-induced adverse health outcomes, much effort has been made to ameliorate air pollution levels, however, the precise range in which human exposure to air pollution is safe is still unknown. Therefore, it is necessary to evaluate changes in different air pollutant concentrations, as well as the degree of health damage. Although additional studies are necessary, the findings of the current study can serve as guidelines for implementing air quality policies for environmental concerns and social welfare.
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